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ABSTRACT
OXYGEN STORAGE AND ELECTROLYTE MATERIALS OF RMnO3

Wadiah Allahyani, MS
Department of Physics
Northern Illinois University, 2017
Dr. Bogdan Dabrowski, Director
This thesis presents the results of investigation of the (Y,Ce)MnO3 system and the phase
diagram of the (R1-xRx)-(In1-yMny)O3 system for the stability of the hexagonal structure and the
presence of excess interstitial oxygen content for the improvement of the electrolyte materials of
solid oxide fuel cell. Various methods of the materials synthesis, structure investigation by X-ray
diffraction, oxygen content change by high-pressure annealing, oxygen content determination by
thermogravimetry analysis, and the collaborative ionic conductivity measurement were conducted
to achieve new electrolyte materials with promising properties.
The investigation of the Y1-xCexMnO3+δ samples at the solubility limits of the hexagonal
and the perovskite structures found single hexagonal phase Hex0 (the space group P63cm) forming
in Ar up to x= 0.2. Annealing in pure and high-pressure oxygen established the enhanced stability
ranges of the interstitial oxygen excess in material to 1000 °C. Careful thermogravimetric
measurements in oxygen and hydrogen for selected Y0.9Ce0.1MnO3+δ sample demonstrated
presence of oxidized Hex1 and the new Hex3 phases while Hex2 was never observed. These
measurements confirmed that Ce3+ is present in Y1-xCexMnO3 during the synthesis in Ar at 1400°C
and hydrogen at 400 °C. The Y1-xCexMnO3 compounds are promising materials for development
of intermediate temperature electrolytes.

The experimental phase diagram of the (R1-xR´x)-(In1-yMny)O3 system was selected based
on literature data and the predictions of stability of the hexagonal structure by using tolerance
factor. The goal was to enhance properties of the electrolyte material by reducing the possible
electronic conductivity of the Y1-xCexMnO3 compounds by dilution of the Mn-O network with
insulating In-O while preserving the hexagonal structure and presence of the excess oxygen above
400 °C. The line border between the two types of the x-ray diffraction patterns of the isostructural
hexagonal Hex0 structure based on the Mn and In was determined at y ≥ 0.5 and y < 0.5,
respectively. It was found that it was not possible to substitute Ce for the Hex0-In structure.
However, the Hex0-Mn samples containing In (y = 0.5 and 0.75) could be substituted with Ce and
showed large amounts of excess oxygen up to 3.25. This result constitutes the major discovery of
this thesis work. Three most promising samples, Y0.9Ce0.1MnO3+δ, Tb0.92Ce0.08In0.5Mn0.5O3, and
DyIn0.25Mn0.75O3, have been sent to collaborators, and the ionic measurements of these materials
is in progress in the collaborator’s institutions (unfortunately, the results have not been received to
date).
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CHAPTER 1
INTRODUCTION
1.1 Background and Rationale
Advancements in environmental sciences during the 21st century caused a change in the
world’s understanding of the concept of clean and renewable energy, bringing with it a new
generation of energy sources. This change has led energy sources to become more dependent
on fossil fuels as a source of energy, which consequently enhanced the world to think about a
more efficient technology to produce electricity from fossil fuels. One of such technologies is
solid oxide fuel cell (SOCF) that supplies energy relatively good for the environment. SOCF
is a solid-state device that produces electricity by transforming directly and efficiently a
chemical energy from a wide variety of gaseous and liquid fuels. Its high efficiency could be
more than 80% when contrasted with combustion process constrained by the Carnot cycle with
efficiencies of 30 – 50% dependent on the size of device. In addition, SOFC have extraordinary
fuel flexibility of light and heavy hydrocarbons. Methane (CH4), propane, and butane are some
examples of light hydrocarbons, otherwise hydrogen (H2) and carbon monoxide (CO). Solid
oxide fuel cells are known for reducing the air pollution and the harm to human lives because
while oxidizing fuels it does not involve very high temperature burning; i.e., the process does
not emit nitrogen oxides (NOx) or sulphur oxides (SOx), which are linked to smog and acid
rain [1]. Another advantage is that at high temperatures, SOFC has the potential for
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cogeneration system or combined heat and power system, whose heat from the electrochemical
reaction is used to supply steam. Despite these advantages over common electricity production
from fossil fuels the SOCF technology has not found spread wide applications to date because of
a lack of breakthrough materials needed for construction of efficient devises. To explain the solid
oxide fuel cell concept, the materials needed, and stumbling blocks for useful application, the next
sections of this chapter will demonstrate the history of this type of cells as well as its function and
its construction [2].

1.2 The History of Solid Oxide Fuel Cell
Concept of solid oxide fuel cell has been known since 1800, but scientists only started to
concentrate their research focus on it since 1900s to enhance clean and efficient electricity
production. The basic idea of fuel cell came from using electricity in order to decompose water
into hydrogen and oxygen. This process is known as electrolysis, and two British scientists,
namely William Nicholson and Anthony Carlisle, explained it in 1800 using the equation
below [3]:

2H2O

2H2 + O2

(1.1)

In 1838, the British physicist William Robert Grove, considered as the father of fuel cell
or as known before “gas battery,” discovered that electrolysis is a reversible process as shown
in the following equation:
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2H2 + O2

2H2O + energy

(1.2)

The next development of gas battery came when it was named “fuel cell” in 1889 by
Ludwig Mond and assistant Carl Langer [3]. Then in 1893, Friedrich Wilhelm Ostwald
demonstrated the theoretical fundamentals of how the fuel cell works by explaining the
relationship between the physical properties and the chemical reactions. In 1904, Francis
Thomas Bacon built the first fuel cell that used alkali (nickel gauze) as an electrolyte of fuel
cell, which converts the air and the fuel directly into electricity by use of oxygen exchange
membrane. Bacon’s development made a revolution in the world of the fuel cell [3].
Furthermore, in 1950 there was another development by General Electric that invented the
proton exchange membranes [4].

1.3 The Function of Solid Oxide Fuel Cell
There are several types of fuel cells and their categorization is based on the type of
electrolyte material and the fuel used. Some well-known types of fuel cells are proton exchange
membrane fuel cell (PEMFC), alkaline fuel cell (AFC), direct methanol fuel cell (DMFC), and
the solid oxide fuel cell (SOFC), which is the focus of this thesis. The solid oxide fuel cell is
an electrochemical device that transforms the chemical energy into electrical energy by twomain principles, namely reduction and oxidation. Reduction is a chemical reaction in which
oxygen is removed from a compound, for example, by reaction with hydrogen, whereas
oxidation is a chemical reaction in which oxygen is added to a compound, for example, by
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exposing it to atmospheric oxygen. Moreover, it is worth noting here that all types of fuel cells
consist of three major parts: cathode, anode, and electrolyte. Figure 1.1 shows the schematic
structure of SOFC with the position of electrolyte in the middle of it, and thus it is named after
the solid oxide material of the electrolyte part.

Figure 1.1

Schematic structure of solid oxide fuel cell.

SOFCs operate at an elevated temperature range between 600 °C and 1000 °C. Usage
depends on the reduction and the oxidation occurring in cathode and anode parts respectively.
When warmed air gets into the cathode side, it causes the oxygen molecules O2 to split and
incorporate into cathode material as reduced O2- ions by reaction with free electrons. These O2ions permeate through electrically insulating electrolyte and react with fuel on anode. The fuels in
anode are oxidized by reaction with O2- and free electrons are generated. Depending on fuel used
the oxygen ions are combined with hydrogen and carbon to produce water and small amounts of
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CO2. The electrons generated at anode go to the cathode through external circuit providing
electrical power. As long as there is a constant source of fuel and air, the outcome is clean electrical
energy.
Operating SOFC at high temperature puts several requirements on cathode, electrolyte, and
anode materials such as satisfying physical properties, the thermal and chemical stability, and
compatibility. So, the aim of scientists’ research is for example lowering the operating temperature
between 400 and 750 °C where greater reliability, smaller thermal expansion, and rapid up start
with less energy consumption are expected.

1.4 The Construction of Solid Oxide Fuel Cell
Anode, cathode, and electrolyte are the three components of which the fuel cell is made.
Each one of the three components has specific criteria and material requirements that allow it to
work as expected. In this section, each component is described and it is requirements are
explained.

1.4.1 Anode Requirements
Anode is that part of SOFC that makes contact to the fuel. It is also named fuel electrode
which is connected directly to the fuel. The primary purpose of the material is to enable the
oxidation reaction of the fuel and facilitates the way for electrons to enter the external circuit.
However, there are four physical properties that must exist in the anode material. First, it must be

6
very porous to allow the fuel to diffuse in/out of the electrolyte. Second, its material should be a
good electronic conductor in order to make the motion of electrons flow easily. Third property is
also to have a good ionic conductivity for the oxygen ions (O2-). Last, the fourth condition is that
it provides the catalytic activity to improve the reaction at the anode and electrolyte surface. The
anode has to be stable in both oxidizing and highly reduced atmosphere. The best material for
anodes is Ni-YSZ cermet.
Fuels used in the fuel cells depend on the temperature and electrolyte material used; for
example; alkali fuel cell operates at 150 to 200 °C and uses a liquid solution of potassium
hydroxide (KOH) as electrolyte; Direct methanol fuel cell uses the methanol as the fuel, and the
operating temperature is between 50 and 120 °C; Solid oxide fuel cells operate at high temperature
and pressure and use the solid oxide material as the electrolyte and the hydrogen or methane as
fuel. However, hydrogen is the basic ingredient for all kinds of fuel cells and temperature ranges.
Water, heat, and very- small amounts of carbon dioxide (CO2) are the only generated products
when hydrogen is used as fuel; this is how we control the air pollution and global warming effects.
For other simple gaseous fuel, different products are generated on anode. Equations below show
the differences in reaction according to fuels:
Hydrogen:
H2 + O2-

H2O + 2 e-

(1.3)

CO + O2-

CO2 + 2 e-

(1.4)

Carbon monoxide:
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Methane:
CH4 + 4O2-

CO2 + 2H2O + 8 e-

(1.5)

In general, the fuel reduction occurs on the anode side producing the hydrogen ions, and
these interact with oxygen ions that came from electrolyte to generate water and release electrons
for generating electricity to the outer circuit [1], [5].

1.4.2 Cathode Requirements
The cathode, also known as the air part of the cell, is where the reduction of oxygen occurs.
Oxygen from warmed air flows through cathode materials, which are dissociated by the electrons
to be oxygen ions (O2-). Then these ions are able to diffuse into electrolyte side of SOFC by the
equation below, and this diffusion is shown in Figure 1.2.

O2 + 4 e-

Figure 1.2

2O2-

(1.6)

The reduction reaction in cathode.

The requirements for the cathode material are as follows:
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1) High electronical and ionic conductivities at operating temperature.
2) Stable under an oxidation atmosphere during the operation.
3) High catalytic activity for reduction reaction of oxygen.
4) Low chemical interacting with electrolyte material by matching the thermal
expansion coefficient (TEC) and chemical compatibility [6].
For years, the common material used as a cathode was platinum, but it was not accessible
economically. As a result, cathode material becomes an object of development and research by
scientists around the world. The best materials for cathode are the perovskite- type compounds
such as lanthanum strontium cobalt ferrite (LSCF) in specific combination La0.6Sr0.4Co0.2Fe0.8O3
and lanthanum strontium manganite oxide (La0.8Sr0.2MnO3), and these materials have been used
and proven effective until now [7].

1.4.3 Electrolyte Requirements
The electrolyte is the heart of SOFC, which is located between the cathode and anode
electrodes. Its function is to transport the oxygen ions (O2-) from the cathode to the anode to be
mixed with H+ oxidized in order to form water and generate electrons (e-) that pass into the outer
circuit. The requirements that must be satisfied in the electrolyte material are: 1) a sufficient ionic
conductivity and very low electric conduction that does not allow electrons to pass through it, as
long as only ions are transported; 2) stable during reduction and oxidation reactions to prevent
mixing that might happen between the fuel and oxidizer before they reach the reaction sites [8];
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and 3) finally, the thickness of the electrolyte layers must be small enough to accelerate oxygen
ion movement but sufficient to prevent leaks.

1.4.3.1 Electrolyte Materials
There are three crystal structures that are used for electrolyte material: fluorite structure,
perovskite structure, and the new material, which is hexagonal structure. The third structure is the
focus of the investigation of this thesis work.

A) Fluorite Structure
The fluorite oxide structure has been investigated by Walther Nernst since early 1900s.
The crystal structure consists of a simple cubic oxygen lattice with alternate body center occupied
by eight coordinated cations [9]. The general formula is AO2, where A is tetravalent cations such
as ceria dioxide (CeO2) and zircon dioxide (ZrO2). But ZrO2 is very small to afford at low
temperature, so it is substituted with a large cation. The oxidation state of Zr is 4+ and its ionic
radius is 0.96Å, which is very small to the fluorite structure. ZrO2 is formed in a cubic at >2300°C,
which needs a large cation to stabilize and increase the ionic conductivity. This process is named
doping, and it is defined as substituting lower valance cations into a crystal lattice to preserve the
charge neutrality, so yttria-stabilized zirconia (YSZ) is the most common example for doping of
fluorite structure with formula Zr4+(1-x) Y3+(x) O2-2-x/2δ, as shown in Figure 1.3.
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Figure 1.3

The fluorite structure, yttria-stabilized zirconia (YSZ) [10].

B) Perovskite Structure
Perovskite structure is the second common type of material used as electrolyte of SOFC.
Its chemical formula is ABO3, where A is a large 12-coordinated cation, B is typically transition
metal with smaller size than A, and O3 is octahedrally coordinated with oxygen.
Perovskite structure is a structure that is worth investigating because it contains two
cations, which lead to possibility of a wide range of ion conducting materials. In Figure 1.4, the
representation shows the ideal perovskite structure where A and B are cations and are coded gray
and black respectively, whereas unfilled atom is the oxygen in octahedral connection.

Figure 1.4

The perovskite structure [11].
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The best known examples of perovskite structure are lanthanum gallate oxides (LaGaO3),
and the particular composition of lanthanum strontium gallate magnesium oxide is La (0.9) Sr (0.1)
Ga (0.8) Mg (0.2) O(3-δ), which has a high ionic conductivity at low temperature. Because of better
ionic conductivity than YSZ, these perovskites can be used at intermediate temperature range of
600 to 800 °C; however, their synthesis is difficult and involves very high temperature.
The third structure is hexagonal oxide, which will be fully described later in Chapter 3.

1.5 Applications of SOFC
Fuel cells have been so far used in only selected fields. NASA has used three types of fuel
cell: PEMF, AFC, and SOFC. For example, at the beginning they used PEMFC in Gemini mission,
but there had been problems with water management, so they developed AFC in 1970s as a source
of drinking water in spaceships. The third type that NASA used is SOFC, and they worked to
develop it for light-weight, thin, and renewable energy [12]. Furthermore, there are new
generations of vehicles that use SOFC as source of power. For example, Nissan Motor Company
declares that bio-ethanol electric power system can be used in vehicles. SOFC, as a source of
power, has efficiency is which similar to that of normal cars as proved by driving distance of over
600 Km [13]. If better materials could be developed and cheaper and reliable SOFC operating at
lower temperatures constructed, they could be used in large-scale stationary applications as well
as in smaller electric cars.

CHAPTER 2
EXPERIMENTAL METHODS

This chapter is dedicated to the description of the experimental methods used in my
research. The aim was to synthesize and study new oxide compounds exhibiting promising
structures and oxygen contents that would lead to good ionic conductivity at reduced temperatures.
The selected compounds have been chosen on a base of layered hexagonal structure of YMnO3,
which accommodates large amount of excess interstitial oxygens that could provide easy paths for
oxygen diffusion. However, the hexagonal structure competes with the perovskite structure, and
to understand and control the achievable phases I used simple geometrical description of their
stability in terms of tolerance factor. My main experimental effort was devoted to optimized
synthesis of designed compounds under a wide range of temperatures and oxygen pressures,
verification and characterization of their structure by X-ray diffraction (XRD) and determination
and modification of their oxygen content by thermogravimetric analysis measurements (TGA) and
high-pressure oxygen annealing process (HPOx). Once the desired compounds were obtained in
single-phase form, they have been provided to collaborating researchers for complex study of
oxygen ion conductivity at elevated temperatures.
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2.1 The Goldschmidt Tolerance Factor (t)
The Goldschmidt tolerance factor (t) is an equation that indicates and measures the degree
of stability and distortion of crystal structures. In all crystal structures, there are a unique
arrangement of atoms. The tolerance factor is uniquely defined for the perovskite structure: ABO3,
where A and B are large and small cations respectively, O is anion, and t is defined in terms of
ionic radiuses, the average bond lengths. The calculation included the following equation:

𝑡=

(𝐴 − 𝑂)
√2 (𝐵 − 𝑂)

(2.1)

where (A-O) and (B-O) are the average bond lengths which can be obtained by neutron powder
diffraction (NPD) or from the table of the ionic size by (A-O) = RA+RO, where RA and RO are ionic
size of A and oxygen ions. Similarly (B-O) = RB+RO is found [14]. The t = 1 indicates that the
structure is perfect cubic perovskite; on the other hand, when it is smaller than 1, it indicates that
the structures are distorted, which can be explained by A is too small or B is too large ions. For
RMnO3 it was found that when t< 0.855 the perovskite structure becomes unstable and transfers
to hexagonal [15]. Meanwhile, those values could change based on elements used in the research
study such as manganese (Mn), indium (In), or both (In(1-y) Mn(y)). However, the position of the
atom, the oxygen content, and the temperatures are the most affected operators on tolerance
factors. Consequently, I advocated in all experiments used a decreased (t) in order to increase the
band length between B and O when it comes to characterization of the hexagonal structure.
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2.2 Synthesis of the Bulk Materials
Our samples were made from rare-earth oxides, the transition-metal oxide (manganese oxide),
and post-transition metal oxide (indium oxide), or in some experiments a mixture of these oxides
to maintain the expected tolerance factor t ~ 0.855 and stabilize hexagonal phase. Then the
stoichiometry of every sample was calculated by using software program MATLAB, which is
available in the lab where the experiments took place. After weighing the components of the
sample, the following steps of the experiments included the mixing of the oxides in a zirconia
container with balls in liquid alcohol for 12 hours. Next, the sample was left to dry from alcohol
in air. After that, the synthesis of the materials included the heating of the sample and this step was
done by means of heating each sample in a furnace in a range of temperature from 900 to 1440°C
in air or argon atmosphere. The accomplishment of the hexagonal phase required that all the bulk
materials were synthesized and after that the experiments continued with the different
measurements of the research as described below.

2.3 X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is used to explore the crystal structure of the samples. The Bragg’s
law was used which describes the relation between the wavelength of x-ray and the incident angle.
The diffraction occurs when the x-ray is scattered by a periodic array with long-range order [16]
as the following:
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λ = 2d hkl sin θ

(2.2)

where λ is the wavelength of the x-ray, dhkl is the inter-planar spacing and Miller indicators, and
the angle θ is the incident angle.
To prepare the sample for x-ray diffraction, a small part of the material is ground, then
mixed it with amorphous silicon, and finally spread on glass slide. Each sample is entered into the
x-ray machine to collect data about the structures. The machine uses the Rigaku software on the
available computer in lab. The x-ray uses Rigaku D/MAX powder diffractometer with CuKα
radiation to calculate diffraction of crystal structures. The incident and reflected angles are
represented in the values of 2θ, which is typically ranged between 20-50°, and the samples are in
fixed position, and the detector rotates with 2θ°/minute, as shown in Figure 2.1. When the sample
is entered and the machine operates, the diffraction pattern plots the angle of the detector 2θ on
the x-axis against the intensity (number of x-ray counts) on the y-axis and the output is a graph
obtained from the machine. This curve is named diffractogram and it shows some data regarding
the diffraction in the characteristics of structures. The first step in the process is to identify the
phases as present in the samples.
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Figure 2.1

Schematic diagram showing XRD’s geometry [15].

2.4 High-Pressure Oxidation Annealing Process (HPOx)
After conforming presence of single phase of the hexagonal phase by x-ray diffraction
(XRD), HPOx was usually done to increase the oxygen content that led to the change in the crystal
structure. Annealing process is defined as the heat treatment, under pure oxygen at high pressure
(i.e., 350 up to maximum 300 atm) at critical temperature, usually 300 -400 °C. A small chunk of
the sample is put into alumina tube and that tube gets into stainless steel cylinder which is
pressurized with oxygen. The oxygen gas gets into the sample by special capillaries, the electricity
supplied and the cold water through plastic and copper tubes. After setting the critical temperature,
the temperature is regulated by programmable power supply and pressure is measured by pressure
gauge. The next step is to cool that sample down slowly until it reaches room temperature. The
last step is the change of the oxygen content calculation described by the equation below:
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𝛿=

(𝑚𝑓 − 𝑚𝑏 ) 𝑀
∗
15.9994
𝑚𝑓

(2.3)

where δ is the change of oxygen content, mf is the final mass after HPOx, mb the mass before
HPOx, M is the molar mass of the sample, and 15.9994 is the atomic weight of oxygen.

2.5 Thermogravimetric Analysis Measurements (TGA)
This process is also named thermogravimetry (TG), or thermal gravimetric. This
measurement used to determine the amount of changing weight of the material either as a function
of increasing temperature or as a function of time isothermally in an atmosphere of oxygen, argon,
nitrogen, helium, air, hydrogen, or in a vacuum [17] and measured the absolute oxygen content in
the material. TGA utilized Cahn TG171 and Cahn TherMax700 thermobalance with a 2 μg
precision. In this process the temperature changes with rate depending on the required setting of
the experimental. The sample weights are measured automatically every two minutes and
recorded. A 1 gm of the sample is placed in cylindrical alumina crucible suspended at one end of
the thermobalance. The final outcome is a curve showing sample mass as a function of temperature
from which after calculation (Eq. 2.3) the oxygen content is shown on the vertical axis against the
temperature on the horizontal axis showing the oxidation and reduction of the sample. This process
is also used to confirm the oxygen content that is found in the previous section.
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2.6 Ionic Conductivity Measurement
The ionic conductivity (σi) is defined as the motion of ions in crystal from one site to
another by diffusion defects under the influence of the electric field, and it depends on the crystal
structure of the material. The ionic conductivity is represented by the following equation:

𝜎𝑖 = 𝑛𝑖 𝑒𝜇𝑖

(2.4)

where ni, e, and μi are the number of ions per unit volume, the charge equals 1.602189×10-19 C,
and the mobility of the ions respectively. The mobility depends on the diffusion defects, and that
is given by the equation:

𝜇𝑖 =

𝑒𝐷
𝐾𝑇

(2.5)

where D, K, and T are the diffusion rate, Boltzmann’s constant equal to 1.3806×10-23m2Kgs-2 K-1,
and the absolute temperature. The diffusion rate (D) is the mobility of ions in the material per
surface area and unit of time and depends inverse exponentially with the temperature:
−𝑄𝑑
𝐷 = 𝐷0 𝑒𝑥𝑝 (
)
𝐾𝑇

(2.6)

where D0 is a temperature-independent pre-exponential, Qd is the activation energy for diffusion
(J/mol or eV/atom) that make the movements of one mole of atoms, and T is absolute
temperature in Kelvin. Combining (2.4) through (2.6) yields:
𝜇𝑖 =

𝑒𝐷0
−𝑄𝑑
𝑒𝑥𝑝 (
)
𝑘𝑇
𝐾𝑇

(2.7)
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Then, substituting (2.7) into (2.4) yields:

𝜎𝑖 = 𝜎0 exp(

−𝑄𝑑
)
𝐾𝑇

(2.8)

where σ0 is the pre-exponential constant. The graph of the ionic conductivity versus temperature
is plotted in log σi vs 1/T from which the activation energy Qd can be calculated:

ln 𝜎𝑖 = ln 𝜎0 − (

𝑄𝑑 1
)
𝐾𝑇 𝑇

(2.9)

Measuring and plotting log σi vs 1/T requires specialized high- temperature techniques to remove
the possible electronic contribution to conductivity.

CHAPTER 3
INVESTIGATION OF THE HEXAGONAL STRUCTURE OF THE (Y1-xCex) MnO3+δ
3.1 Introduction
The crystal structure is of the primary interest for this study since the material properties:
for example, the electronic and ionic transports depend on the structure very sensitively. Therefore,
the structural and the conducting properties of our electrolyte materials will be described in this
chapter. As previously mentioned, the current SOFCs are designed to operate at temperatures
above 800 °C, but the goal is to reduce the temperature to approximately 500 - 600 °C. Before
characterizing our materials, it is necessary to define a few terms. First, the crystal structure of the
material is defined as “the manner in which atoms, ions, or molecules are spatially arranged” [18].
Then, identical atoms are periodically arranged in three dimensions as represented by the crystal
lattice. The smallest part of the lattice is named unit cell. The unit cell represents the symmetry of
the crystal structure and is considered the basic unit that builds the crystal. The hexagonal closepacked (HCP) crystal structure is built from the unit cell, which can be described as a single atom
surrounded by six other atoms on a plane at the top and the bottom faces. Additionally, three atoms
are in the middle of the unit cell. HCP can be described in terms of six parameters: a, b, and c,
which are three length dimensions (a = b ≠ c), and α, β, and γ, the three angels (α = β = 90°, and γ
= 120°) between a, b, and c directions. In our case, it is defined as close-packed layers of trigonal
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MnO5 bipyramids, and it is the bixbyite structure for the hexagonal RMnO3 and RInO3 as shown
in Figures 3.1 A and 3.1 B, respectively.

(A)
Figure 3.1

(B)

Hexagonal crystal structure and the atoms’ arrangement of
A) RMnO3 [19] and B) RInO3 [20].

Figure 3.1 shows the schematic picture of the hexagonal structure of RMnO3 and RInO3, where
the Mn3+ and In3+ ions are surrounded by three in a plane, single on the top, and single at the
bottom oxygen ions forming planar, corner-shared network of the (Mn, In)-O5 bipyramids. Thus,
the coordination number of the nearest neighbors for Mn and In is five. The coordination number
of the oxygen ions bonding to the rare earth or Y is eight. Finally, the space group is known as
“the symmetry of the unit cell,” which is P63cm for the oxygen stoichiometric compound [18].
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3.2 Synthesis of the Hexagonal Material
The result of synthesizing of the rare-earth manganites (RMnO3) under normal conditions
in air is a function of the R ionic size [15]. The rare-earth manganites with the large ionic radius
of rare earth (for example, La, Pr, Gd, Tb, and Dy) form the perovskite structure. Meanwhile, the
small rare-earth manganites such as Y, Ho, Er, and Lu are forming the hexagonal structure (see
Fig 3.2) In Figure 3.2, the horizontal axis represents the ionic radius of the rare-earth elements in
the angstrom unit (Å) (bottom) in eight-coordination, while the top-horizontal axis is showing the
elements’ names. The vertical axis is the ionic radius of manganese element Mn3+ in sixcoordination appropriate for the perovskite structure.
In this chapter I will investigate the limit of the solubility of the hexagonal and the
perovskite structure for the materials with the Y3+ partially substituted by Ce3+, i.e., for compounds
Y1-xCexMnO3+δ, where x values are equal to 0.01, 0.05, 0.1, 0.2, and 0.3. The Ce ion depending on
the synthesis conditions can assume valence 3+ or 4+, which could help with achieving new
compositions as well as to control the amount and stability range of the oxygen excess in material.
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Figure 3.2

The solubility limit between the hexagonal (red color) and perovskite (blue color)
phases.

According to previous research [21], the hexagonal phase of YMnO3 can be easily obtained
in air. The TGA data in oxygen (see Figure 3.5 B) of that sample showed presence of small excess
oxygen ions below 400 °C and the stoichiometric compositions in the temperature range 300-500
°C. Stoichiometric composition are not favorable for potential applications as the electrolyte
materials in SOFC at intermediate temperatures because there would be no O2- ions present above
300 °C to provide ionic transport. I have chosen the Ce substitution for Y and attempted to
maximize Ce content to maximize the ionic conductivity of the sample at temperatures higher than
400 °C.
The samples were made according to the chemical ABO3 formula, where the A-site is Y3+
and Ce3+, and the Mn is at the B-site. High-purity (99.99 %) Y2O3, CeO2, and MnO2 oxides have
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been used. The stoichiometry of these samples was calculated by the MATLAB software in the
lab in grams as represented in Table 3.1. After weighing, the samples were mixed in a zirconia
container with balls in liquid alcohol for 12 hours, which allowed to achieve very well-mixed and
small grains of starting oxides. The next step was to leave the samples to fully dry out from alcohol
in air. The sample was then ground for brief time after drying and put into a furnace to be heated
to between 900 to 1375 °C of rate 5 °C/minute in air and argon atmospheres, kept at the required
temperature for 10 hours, and cooled at a rate of 20 °C/minute until it reached room temperature.
The heating was repeated with increasing temperatures until the sample formed a single phase.
Samples were reground and pressed into dense pellets to increase the cation diffusion over short
distances among small size grains between the firings. The final synthesis conditions of each
single-phase sample are shown in Table 3.1.

Table 3.1

The Stoichiometry Calculation of 5 Grams of Y1-xCexMnO3+δ, x=0.01, 0.05, 0.1,
and 0.2, and the Syntheses Conditions

Y1-xCexMnO3+δ

Y2O3

CeO2

MnO2

Syntheses

G

g

G

Condition

x= 0.01

2.90547

0.04474

2.25981

1350°C in argon

x= 0.05

2.75870

0.22134

2.23600

1350°C in argon

x= 0.1

2.00821

1.70068

1.71805

1370°C in argon

x= 0.2

2.23481

0.85170

2.15101

1375°C in argon

Mass= 5.00 g

25

3.3 X-Ray Diffraction (XRD)
Every sample obtained during the heating steps of the synthesis was examined by the XRD
at room temperature to observe the purity of the material and then compared to the reference to
confirm the resulting phase. Samples were prepared as previously described in Chapter 2. Figure
3.3 shows the x-ray data for the Y1-xCexMnO3 samples with x = 0.01, 0.05, 0.1, 0.2, and 0.3
obtained from the synthesis in Ar. The single-phase hexagonal Hex0 (the space group P63cm)
samples have been synthesized up to x = 0.2, while the x = 3 could not form single phase in Ar up
to the highest temperature of 1410 °C where it partially melted. That sample shows impurity CeO2
and the reduced manganese oxide to MnO peaks. As a result, the solubility limit of Ce substitution
for Y during the synthesis in Ar was determined to lie between x = 0.2 and 0.3. This solubility
limit was much lower during the synthesis in air, between 0.05 and 0.1, and that increases with
temperature. These as made Hex0 samples are oxygen stoichiometric (δ = 0) according to previous
research and as confirmed by the following thermogravimetric experiments.

26

Figure 3.3

XRD of Y1-xCexMnO3, x=0.01, 0.05, 0.1, 0.2, and 0.3. the hexagonal phase of the
space group P63cm (Hex0).

3.4 The Post-Synthesis High Oxygen Pressure Annealing, TGA, and XRD
After confirming the single-hexagonal phase of the samples, experiments were done on
the samples: 1) a high-pressure oxidation annealing process (HPOx) and 2) thermogravimetric
analysis (TGA) and XRD to calculate the oxygen content that led to the change in the crystal
structure.
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Figure 3.4 shows the change in crystal structure of the selected sample Y0.9Ce0.1MnO3±δ.
The transition from Hex0 to Hex1 occurred after the sample was annealed on TGA in pure oxygen
at 500 °C. Similar Hex1 structure was observed after TGA annealing in pure oxygen at 1000 °C.
The HPOx at 505°C and 217 atm shows formation of a new phase Hex3, and in other HPOx
experimental conditions both the Hex1 and Hex3 phases were seen reaching oxygen content of
3.45 as derived from measured mass changes. The Hex3 phase was observed previously by [21]
in the (Y,Tb)-MnO3 system; the crystal structure of that phase has not been refined yet. Noticeably,
the Hex2 phase was never observed in my Y1-xCexMnO3+δ samples as well as for the (Y,Tb)-MnO3
system. The sample obtained from the TGA reduction in 5% H2 at 1200 °C showed complete
decomposition to simple oxides the (Y- Ce)2O3 - solid solution with Ce3+ and the MnO.
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Figure 3.4

The XRD of Y0.9Ce0.1MnO3±δ: a) Hex1, b) Hex3, and c) (Y- Ce)2O3 and MnO.

The thermogravimetric analysis was done for the sample Y0.9Ce0.1MnO3+δ to measure the
amount and temperature dependence of the oxygen excess content in the sample during the
oxidation and reduction processes. A sequence of oxygen annealing experiments was done
followed by reduction of the sample in hydrogen.
Initially, the as synthesized sample was annealed to 500 °C, with slow heating rate of 0.1
der/min in pure oxygen O2 and cooled to the room temperature. Assuming starting oxygen content
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3.00, the final oxygen content is equaled to 3.39 as seen in Figure 3.5. After that, since the oxygen
content at 400 – 500 °C did not returned to 3.00 as was observed for YMnO3+δ, the sample was
annealed to 1000 °C in pure O2 with faster heating and cooling rate of 2 deg/min, Figure 3.6.
However, even at 1000 °C the oxygen content of that sample is noticeably higher than 3.00 (or
3.05 expected for 10% of Ce4+ substituted for fixed-valent Y3+) indicating that Mn is at oxidation
state higher than 3+. The oxygen content after cooling to room temperature is 3.34, which is
smaller than the starting value due to the slow oxygenation kinetics at low temperatures. The
sample from oxygen annealing at 500 °C was reduced in a 5% H2 with heating rate of 2 deg/min
to 500 °C, Figure 3.7. The TGA data show oxygen content of 2.50 at 500 °C, which corresponds
to the reduction products of Mn2+ and Ce3+ as confirmed by XRD. Fig. 3.8 shows similar TGA
reduction for the Y3+MnO3+δ obtained previously from HPOx annealing, which confirms that Ce
is reduced in 5% H2 to 3+ state also at 400 °C. Thus, by normalizing oxygen content to 2.50 at
500 °C 5% H2 and calculating back the oxygen contents of Y0.9Ce0.1MnO3+δ in oxygen, the oxygen
excess contents are as shown on Figs. 3.5 and 3.6. Our similar results for the x= 0.01, 0.05 and 0.2
samples show that the substitution of even very small amounts of Ce in Y3+MnO3+δ dramatically
increases amount of excess oxygen content and importantly makes it stable in hexagonal phase in
oxygen atmosphere to very high temperatures of at least 1000°C.
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a)
Figure 3.5

b)

The TGA data for Y0.9Ce0.1MnO3+δ (a) and YMnO3+δ (b) as a function of
temperature up to 500°C in pure O2.

Temperature [C]
Figure 3.6

TGA of Y0.9Ce0.1MnO3+δ as a function of temperature up to 1000°C in pure O2.
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Temperature [C]
Figure 3.7

TGA measurement of reduction of oxygenated of Y0.9Ce0.1MnO3±δ in 5% H2.
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Figure 3.8 TGA measurement of reduction of oxygenated of YMnO3±δ in 5% H2.
3.5 Conclusion
In this chapter, I have shown that it is possible to maintain the excess oxygen content up
to 1000°C in the hexagonal structure of the (Y,Ce)MnO3. The solubility limit of Ce substitution
was found at 20%. The solubility limit of the hexagonal has been previously found in air between
ionic sizes of Y and Dy for RMnO3 manganites. But according to Abughayada’s dissertation [15],
the entire Dy1-xYxMnO3 system can form hexagonal structure in Ar. Moreover, The TGA result
from previous research showed excess oxygen above 350 °C is in present in any of the (Y, R)
MnO3 systems, where R= Dy, Tb and Gd. Figure 3.9 shows the results of the solubility limit study
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of the hexagonal structure as a function of the average R ionic size for (Y,R)-MnO3 system, where
R= Dy, Tb, Gd, and Ce. Remarkably, the Ce shows the widest range and such solubility, indicating
that it should be possible to stabilize pure hexagonal phase of TbMnO3, which would be very
important for improving oxygen storage capacity of hexagonal manganites.

Figure 3.9

The solubility of the hexagonal structure as a function of the average A-size ion
for (Y, R) MnO3 Systems, where R= Dy, Tb, Gd, and Ce.

CHAPTER 4
SEARCH FOR IMPROVED ELECTROLYTE IN THE PHASE DIAGRAM OF
(R1-XR´X)-(In1-YMnY)-O3 SYSTEM
4.1 Introduction
As described in Chapter 1, the electrolyte is the main part of the solid oxide fuel cell that
functions to permit ions to transport through it while electrons could not. The ionic conductivity
depends on the diffusion rates, which are a function of the crystal structure of the material. For the
two main structures of the material used as electrolyte, the fluorite and perovskite, ions diffuse
through the vacant sites. Vacancy diffusion is “the interchange of an atom from a normal lattice
position to an adjacent vacant lattice site,” while interstitial diffusion observed in our hexagonal
materials is due to “atoms that migrate from an interstitial position to a neighboring one that is
empty” [18]. Interstitial diffusion found in the hexagonal structure is expected to be much faster
because there are many more interstitial sites than vacancy sites, and they are found in close
proximity to each other. In the previous chapter, we have shown that in the Ce-substituted system
Y1-xCexMnO3+δ large amount of interstitial oxygen is present at elevated temperatures up to
1000°C. These oxygen ions cause increase of the Mn valence above 3+ and as such could lead to
the mixed valency of Mn, which may produce unwanted electronic conductivity.
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While the layered two-dimentional structure of hexagonal materials and the no-optimal
overlap of the Mn and oxygen orbitals in the planes should limit electronic conductivity, I
nevertheless attempted to diminish possibility of the electronic conductivity by substitution of the
fixed-valent In3+ for Mn to dilute the Mn3+/4+ in the Mn-O atomic network. The indium was chosen
because it forms the isostructural RInO3 compounds. The goal of the research described in this
chapter was thus to find the stable hexagonal compounds with the maximum amounts of In and
Ce or similar (Pr and Tb) substitutions that would be capable to sustain excess interstitial oxygen
at elevated temperatures. That inevitably leads to the study of the phase diagram of the (R1-xR´x)(In1-yMny)-O3 system and the determination of the compositional border between the perovskite
and the hexagonal structures.

4.2 Literature Data on the Phase Diagram of the (R1-xR´x)-(In1-yMny)-O3 System
The purpose of the compositional phase diagram is to predict the crystal structure of the
materials. The materials of interest for us are in a ABO3 form where the A-site is the rare-earth ion
with 3+ or 4+ oxidation state, and the B-site is the post-transition and transition metals indium (In)
and manganese (Mn) respectively. Indium is fixed oxidation state 3+, while the manganese can be
2+, 3+, and 4+. The compositional line between the perovskite and the hexagonal structures was
investigated previously in detail for RMnO3 [15]. The data, including results from Abughayada’s
PhD dissertation, was shown in Chapter 3. However, the border between the perovskite and the
hexagonal structures for the RInO3 has not been determined so well to date. My first aim was to
investigate how much substitution of Ce, or similar mixed 3+/4+ valence Pr and Tb for Y, is
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possible. These ions could introduce oxygen excess into the samples and thus provide desired ionic
conductivity in otherwise robust insulating material.
Figure 4.1 shows the phase diagram of RMO3 constructed from the available literature data
where the similar ionic size M3+ = In, Sc, Mn, and Fe. I looked for those samples and their
structures to help predict our samples’ structures. In Figure 4.1 the horizontal bottom axis is the
rare-earth metals with eight coordinations, starting with the smallest element, Ce4+, and ending
with the largest one, La3+, and the top horizontal axis denotes the element names. In the vertical
left axis, the sizes of post-transition metals with six coordinations are shown, while the rightvertical axis denotes the element names.

Figure 4.1

Phase diagram literature of the system RMO3, (M= In, Sc, Mn, and Fe).
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As we see in Figure 4.1, the RMnO3 materials formed a perovskite structure such as La,
Pr, and Nd, while the other formed hexagonal structure such as Y, Ho, and Er. The limit between
the two phases is the element Dy, which formed a perovskite in air and hexagonal in an argon
atmosphere. The RScO3 samples have a perovskite structure at 1000 °C, but they also can form a
cubic C-type structure at temperature 900 °C, as well as the isostructural to Mn hexagonal phase,
depending on extraordinary synthesis conditions. The RInO3 has similar phase diagram to RMnO3;
however, due to larger ionic size of In and the corresponding smaller tolerance factor, the boundary
between the perovskite and hexagonal phases is shifted to the larger size rare earths, Gd and Sm.
Also, because of the size difference, despite the isostructural to the Mn hexagonal Hex0 phase, the
diffraction pattern looks different and is denoted Hex-In on Figure 4.1.

4.3 The Experimental Phase Diagram
To determine the border between the perovskite and the hexagonal structure for RInO3, the
substitution of Ce for Tb in indium system was attempted but no single phase was obtained under
any synthesis condition for any amount of Ce. For similar mixed 3+/4+ valence system Pr1xTbxInO3

I tried, substitution x values equal 0, 0.65, 0.7, 0.8 and 1. The single hexagonal phase

form below x=0.8, so the Pr0.8Tb0.8InO3 sample is the separation limit between the perovskite and
hexagonal crystal structures. Figure 4.2 represents all the samples that were investigated. I draw
the experimental phase diagram similar to the literature phase, the horizontal bottom axis is the
rare-earth metals with eight coordinations, starting with the smallest element, Ce4+, and ending
with the largest, La3+, and the top horizontal axis denotes the elements names. In the vertical left
axis, the size of post-transition metals In, the transition metal Mn, and the combination between
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them In1-yMny where y= 0.25, 0.50, 0.75, and 0 using the six coordinations are shown and the
vertical top axis denoted the names.

Figure 4.2

The schematic of the experimental phase diagram.

In Figure 4.2, some of the rare-earth indium oxides formed a perovskite structure such as
LaInO3, PrInO3, and SmInO3; that is the limit of that structure. The range between Pr0.35Tb0.65InO3,
which is located at ionic sizes 1.0787 and 0.80 in the horizontal and vertical axis, respectively, and
Pr0.2Tb0.8InO3 [its coordination (1.0572, 0.80)] is mixed between the perovskite and hexagonal of
the RInO3 structure, which means the samples could not form a single phase in that range. The
hexagonal structure of In appeared in the range after that. The indium materials are ionic
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conductors and electric isolators, which make them a suitable candidate for the electrolyte of
SOFC. In this research, none of our samples showed any excess of oxygen in the material by the
oxygen or HPOx annealing experiments.
The next step was to include varying amount of manganese and indium on the B-site. The
goal was to substitute the minimum amount of Mn for In and preserve hexagonal structure while
introducing excess oxygen. The three samples were made in the range of y = 0.25 (In0.75Mn0.25),
which formed the hexagonal structure of the In type but without observable excess of oxygen. That
led us to increase the amount of Mn in the In-site to y = 0.50. The samples in the chosen range of
R have shown single-phase Hex-Mn and mixed perovskite and Hex-In phases. The samples that
formed a single-phase Hex of the Mn type were TbIn0.5Mn0.5O3 and Tb0.92Ce0.08In0.5Mn0.5O3 while
the R0.5Y0.5In0.5Mn0.5O3 with R= Nd, Gd, and Sm could not form single Hex-Mn or Hex=In. The
single-phase Hex of the Mn type showed small excess of oxygen. As a result, the amount of
substituted Mn in the In-site was increased to 75% (y = 0.75). The only sample studied was
DyIn0.25Mn0.75O3, which is formed a single-Hex of Mn type, which showed increased oxygen
excess sufficient to enable to interstitial diffusion for the oxygen ions. All samples in the
experimental phase diagram are listed in Table 4.1 with their average ionic sizes and the structure
types.
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Table 4.1

The samples used to study the experimental phase diagram

The Sample

Ionic Sizes

Structure

A

B

Type

TbIn0.5Mn0.5O3

1.04

0.7225

Hex- Mn

Tb0.92Ce0.08In0.5Mn0.5O3

1.0524

0.7225

Hex- Mn

DyIn0.25Mn0.75O3

1.027

0.6838

Hex- Mn

Y0.9Ce0.1MnO3

0.9705

0.645

Hex- Mn

Y0.95Ce0.05MnO3

0.9702

0.645

Hex- Mn

HoMnO3

1.015

0.645

Hex- Mn

YMnO3

1.019

0.645

Hex- Mn

Y0.5Tb0.5MnO3

1.0211

0.645

Hex- Mn

GdInO3

1.053

0.8

Hex-In

TbInO3

1.04

0.8

Hex-In

Pr0.2Tb0.8InO3

1.0572

0.8

Hex-In

Y0.75Pr0.25InO3

1.04575

0.8

Hex-In

DyInO3

1.027

0.8

Hex-In

Nd0.25Y0.75In0.75Mn0.25O3

1.0415

0.7613

Hex-In

Sm0.25Y0.75In0.75Mn0.25O3

1.034

0.7613

Hex-In

Gd0.25Y0.75In0.75Mn0.25O3

1.0278

0.7613

Hex-In

PrInO3

1.126

0.8

Perovskite
(continued on the following page)
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Table 4.1 Continued
SmInO3

1.079

0.8

Perovskite

DyIn0.75Mn0.25O3

1.027

0.7613

Hex-In

TbMnO3

1.04

0.645

Perovskite

DyMnO3

1.027

0.645

Perovskite

Pr0.35Tb0.65InO3

1.0787

0.8

P+ Hex In

Pr0.3Tb0.7InO3

1.0658

0.8

P+ Hex In

Tb0.83Ce0.17InO3

1.0658

0.8

P+ Hex In

Nd0.5Y0.5In0.5Mn0.5O3

1.064

0.7225

P+ Hex In

Sm0.5Y0.5In0.5Mn0.5O3

1.049

0.7225

P+ Hex In

Gd0.5Y0.5In0.5Mn0.5O3

1.03

0.7225

P+ Hex In

4.4 The Solubility of Pr1-xTbxInO3
This sample determined the limit between the two phases: the perovskite and hexagonal
structures when the In is on the B-site. The fixed -valent indium oxide or In compounds have free
electron and are insulators: the Pr1-xTbxInO3+δ where x= 0, 0.65, 0.7, 0.8, and one sample is
synthesized from the high purity of Pr6O11, Tb2O3, and In2O3. The stoichiometry of these samples
was calculated in grams and the final synthesizing conditions as represented in Table 4.2: they
were prepared as described previously in Chapter 2. The single-phase hexagonal of In Hex0
samples has been synthesized up to x= 0.8 and 1.0. While the x values equal 0.65 and 0.7 could
not form single phase, they are mixed between the perovskite and the hexagonal structure. The x
value equals 0 is a perovskite structure. Figure 4.3 shows the x-ray data for the Pr1-xTbxInO3
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samples with x= 0, 0.65, 0.7, 0.8, and one the Hex0 obtained from the synthesized in air. HPOx
was done on the Pr0.2Tb0.8InO3 in various temperature and pressure, 185 – 190 °C and 240 – 280
atm sequentially, and the TbInO3 was annealed at 195 °C in pure oxygen at 350 atm; noticeably
there was no change in mass and the structure that led to no oxygen excess in the samples.
Table 4.2

The samples calculations, structure type, and the synthesis conditions

Pr1-xTbxInO3

Pr6O11

Tb2O3

In2O3

Structure

Synthesized

Mass=5g

g

G

G

Type

Conditions

x=0

2.80254

0

2.28525

Perovskite

1400 °C in air

x=0.8

0.53511

2.29994

2.18171

Hexagonal-In

1420°C in air

x=1

0

2.84265

2.15722

Hexagonal-In

1400°C in air
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Figure 4.3

XRD of Pr1-xTbxInO3, x=0, 0.65, 0.7,0.8, and 1 and the perovskite and hexagonal
structures.

4.5 The Hexagonal Structures of (Y0.75R0.25) -(In0.75Mn0.25)-O3, R= Nd, Sm, and Gd
As mentioned previous the limit between the perovskite and the hexagonal structure has
been shifted, and based on the previously results, the samples were substituted on the B-site with
25% of manganese to enable the oxygen excess. The samples were made of high- purity rare-earth
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oxides (Y2O3, Nd2O3, Sm2O3, and Gd2O3), indium oxide (In2O2) and manganese oxide (MnO2).
The stoichiometry of these samples was calculated in grams by the MATLAB software in our lab
as represented in Table 4.3. Figure 4.4 shows the x-ray data for (Y0.75R0.25) -(In0.75Mn0.25)-O3,
where R= Nd, Sm, and Gd the Hex0 of the samples were obtained from the synthesized in Ar.
HPOx at 211 °C in pure oxygen and 505 atm was done on the samples and also show no changing
on the mass and the structure. In addition, the oxygen excess was never shown.
Table 4.3

The samples calculations of Y0.75R0.25In0.75Mn0.25O3 where R=Nd, Sm, and Gd
and the Synthesis Conditions

Y0.75R0.25In0.75Mn0.25O3

R2O3

Y2O3

In2O2

MnO2

Synthesized

Mass= 4 grams

G

G

G

G

Conditions

R2O2= Nd2O3

0.67138

1.35169

1.66191

0.34693

1400°C in argon

R2O2= Sm2O3

0.69158

1.3439

1.65183

0.34483

1400°C in argon

R2O2= Gd2O3

0.72180

1.3295

1.64173

0.34373

1400°C in argon
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Figure 4.4

XRD pattern of Y0.75R0.25In0.75Mn0.25O3, where R = Nd, Sm, and Gd (the hexagonal
structure).
4.6 Investigation of the Structure of (R1, R2)–(In0.5Mn0.5) -O3
4.6.1 The Hexagonal Structure of Tb0.92Ce0.08In0.5Mn0.5O3+δ

The sample was substituted on the B-site by 50% with manganese to enable the oxygen
excess as based on the previous result. High purity (99.99%) of Tb2O3, CeO2, MnO2 and In2O3
powders were stoichiometrically mixed as explained in Chapter 2. The total mass was 2.00 grams.
The single-hexagonal phase of the Mn Hex0 (P63cm) appeared but with small 2θ shifted in the
peaks because the large difference in the size between In3+ and Mn3+, which caused an increase
the lattice parameters as shown in Figure 4.5 [22]. Figure 4.6 shows the x-ray data of Hex0 of the
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sample obtained from the synthesized in Ar. HPOx was done; it was annealed at 271 °C in pure
oxygen at 505 atm with slow cooling 0.1 deg/min. The Hex0 did not change after HPOx but I
measured the changing in the mass. The oxygen content was a little amount (0.22) that was
calculated by Equation (2.3).

Figure 4.5

Trigonal bipyramid of Mn (blue color), In (yellow color), and O (red and green
color), and a small shifted [22].
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Figure 4.6

XRD pattern of Tb0.92Ce0.08In0.5Mn0.5O3+δ.

4.6.2 The Hexagonal Structure of TbIn0.5Mn0.5O3+δ
The sample was total mass of 6 g from Tb2O3, In2O3, and MnO2 by masses equal 3.76128g,
1.42717g, and 0.89379g, respectively. It was prepared as in chapter 2 and then put it into the
furnace to heat between 850 to 1350 °C in air. The synthesized condition is 1350°C in air of the
single- hexagonal phase of Mn, shown in Figure 4.7. After the annealing of high pressure at 211
°C and 503 atm in pure oxygen, the oxygen content was increased by a small amount, 0.19, so the
structure was not changed form Hex0 of Mn.
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Figure 4.7

XRD pattern of TbIn0.5Mn0.5O3+δ, the hexagonal structure of Mn.

4.6.3 Investigation of R0.5Y0.5In0.5Mn0.5O3, where R= Nd, Sm, and Gd
The samples were made of high-purity rare-earth oxides (Y2O3, Nd2O3, Sm2O3, and
Gd2O3), indium oxide (In2O2) and manganese oxide (MnO2). The samples could not form single
phase at any high temperature; they are mixed between the perovskite of Mn and the Hex-In.
Figure 4.8 shows the x-ray data for (Y0.75R0. 5) -(In0.75Mn0.25)-O3, where R= Nd, Sm,Gd, and the
identification of the mixed phases.
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Figure 4.8

XRD of R0.5Y0.5In0.5Mn0.5O3, where R= Nd, Sm, Gd, the identification peaks of the
perovskite and the Hex-In structure.

4.7 The Hexagonal Structure of DyIn0.25Mn0.75O3+δ
DyMnO3 is known as a perovskite structure. The DyIn0.25Mn0.75O3+δ sample was made of
Dy2O3, In2O3, and MnO2 then reground shortly and put into a furnace to be heated up to 1300 °C
in Ar atmosphere. The single-hexagonal phase of Mn Hex0 appeared under the synthesized
condition 1300 °C in Ar. After that, HPOx was done on the sample under 230 °C at 430 atm in
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pure oxygen, and the Hex2 appeared when the oxygen content was 0.25 that was calculated by the
Equation 2.3. Figure 4.9 shows the Hex0 obtained by the synthesized condition in Ar and the Hex2
obtained by the HPOx.

Figure 4.9

XRD pattern of DyIn0.25Mn0.75O3+δ: Hex0 (bottom) and Hex2 (top).

4.8 Ionic Conductivity Measurement
The ionic conductivity is the main property of interest for the electrolyte. The electrolyte
materials must be a conductor of ions and isolator of electrons and be chemically stable under the
any oxygen pressure because the electrolyte is exposed to the air on the cathode side and hydrogen
on the anode side. Previous samples from our lab were investigated to measure their ionic
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conductivities by the method expressed in Chapter 2. For the hexagonal of DyIn1-xMxO3, where M
is Co, Ni, and Mn and x values equals 0, 0.1, 0.1, and 0.25 respectively, samples total
conductivities were determined in the temperature range 25 -800 °C by collaborators. Figures 4.10
and 4.11 represent the inverse temperature in Keliven-1 in the horizontal axis, and the vertical axis
represents. The logarithm of total conductivities. First, the DyInO3 sample shows no excesses of
the oxygen ions, the total conductivities about 3 – 4 orders of magnitude smaller than the best
electrolyte perovskite La0.9Sr0.1Ga0.1O3 materials at 800 °C. Substitution of different elements (Co,
Ni, and Mn) on the In-site preserved Hex- In type structure which did not allow interstitial excess
oxygen or increased oxygen diffusion of the doped material. Nevertheless, Co, Ni, and Mn
substitutions did increase the ionic conductivity.
I have selected newly synthesized and very promising Y0.9Ce0.1MnO3+δ,
Tb0.92Ce0.08In0.5Mn0.5O3+δ, and DyIn0.25Mn0.75O3+δ samples for ionic conductivity measurements
and sent them to my collaborator, but no results have not been provided yet. They expect to have
good ionic conductivities as supported by results of XRD, TGA and oxygen content
measurements.
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Figure 4.10 The ionic conductivities measurement

Figure 4.11 The ionic conductivities

of the DyIn1-xM3O3 (M= Co, Ni, and Mn).

of the best-known electrolyte LSMG
[23].

4.9 Conclusion
In this chapter, the border limit between the perovskite and the hexagonal structure with
the maximum amounts of In and Ce were studied for improvement of the electrolyte material. I
have found the boundary between the perovskite and the hexagonal structure was shifted to larger
size rare earth when compared with the boundary in RMnO3. For the pure RInO3 the Pr0.2Tb0.8InO3
was that limit. Then, the experimental phase diagram represented all samples that were studied
during my research time. It is divided into five parts of investigation. The first part is the
(R1,R2)InO3 where R1 = Ce and Pr, and R2 = Tb, helped to determine the limit between the
perovskite and the hexagonal structure. The hexagonal samples showed no excess of the oxygen
ions. Based on that result, the Mn was substituted into the In-site. Three samples were studied in
25% substitution range and also show no excess of oxygen. The third part of the experimental
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phase diagram adopted 50% of Mn and similar for In. The two samples Tb0.92Ce0.08In0.5Mn0.5O3+δ
and TbIn0.5Mn0.5O3+δ formed a single-hexagonal phase of Mn, while the R0.5Y0.5In0.5Mn0.5O3,
where R= Nd, Sm, and Gd, could not form single phase. They are mixed-phase perovskite of Mn
and hexagonal of In. Next, the amount of adopted Mn was increasing up to 75%. The
DyIn0.25Mn0.75O3+δ was investigated in that range; it formed single hexagonal phase of Mn and
shows excess of oxygen ions in the sample. The last part of the phase diagram was the investigation
of the Y1-xCexMnO3, where x= 0.01, 0.05, 0.1, 0.2, and 0.3, discussed previously in Chapter 3. All
samples were explained in detail, the hexagonal phase was studied. The last section of this chapter
was the ionic conductivity measurements. I represented some previous measurement in our lab.
The Y0.9Ce0.1MnO3+δ, Tb0.92Ce0.08In0.5Mn0.5O3, and DyIn0.25Mn0.75O3 samples have been sent out
to measure their ionic conductivities but we have been not gotten the result back.

CHAPTER 5
SUMMARY
In summary, the goal of this thesis was to find a new generation of materials that can be
used in electrolyte of SOFC. Stability range of the desired hexagonal structure, the presence of
excess interstitial oxygen content and the ionic conductivity were the main properties investigated.
In Chapter 3, I represented the result of the investigation of the (Y,Ce)MnO3 system by various
methods of synthesis, x-ray diffraction and oxygen content modification and determination. I
looked for the solubility limit of the hexagonal and the perovskite structure. For Y3+ substituted by
Ce3+, the hexagonal Hex (the space group P63cm) samples Y1-xCexMnO3+δ formed in Ar for x=
0.01, 0.05, 0.1, and 0.2 while x = 0.3 mixed phases formed with no perovskite structures observed.
Different annealing processes were used to control the stability of the oxygen excess in the
samples as demonstrated for Y0.9Ce0.1MnO3+δ. Hex1 phase and the new Hex3 phases were
observed after oxidation in pure oxygen and at high-pressure annealing at 500-1000 °C and 250
atm. The Hex2 phase was not observed in the (Y,Ce)MnO3 system. The oxygen content was 3.39
in the Hex1 and above 3.45 in the Hex3 case. Reduction in 5% H2 to 500 °C showed sample
decomposition to simple oxides and decrease in the oxygen content to 2.50, which confirmed that
Ce3+ is present in Y1-xCexMnO3 during synthesis in Ar at 1400 °C and reduction in 5% H2 above
400 °C. Due to presence of excess oxygen at 400 – 1000 °C in oxygen and Ar, the Y1-xCexMnO3
compounds are promising materials for development of intermediate temperature electrolyte.
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In Chapter 4, I have attempted to enhance properties of the electrolyte material by reducing
possible insulating In-O while preserving the hexagonal structure and presence of excess oxygen
above 400 °C. I have determined the line border between the perovskite and the hexagonal
structure for (R1-xR´x)-(In1-yMny)-O3 system and compared it with the phase diagram available
from literature. Two isostructural hexagonal phases, Hex0-Mn and Hex0-In, have been found
differing by XRD diffraction patterns for ≥ 0.5 and y < 0.5, respectively. I have observed that it
was not possible to substitute Ce for the Hex0-In structure. However, the Hex0-Mn samples with
In accommodated the Ce substitution and showed large amounts of excess oxygen up to 3.25, and
thus, I consider this as a major discovery of my work. Three most promising samples,
Y0.9Ce0.1MnO3+δ, Tb0.92Ce0.08In0.5Mn0.5O3, and DyIn0.25Mn0.75O3, have been sent to collaborators
for the ionic measurement, but unfortunately the results have not been received yet.
It has to be noted that all Ce-substituted samples require synthesis in Ar at temperatures
1300 °C, which could complicate their utility. However, further research on more complex systems
containing small ion Ga3+, in addition to Mn and In3+, and a wider range of the rare earths may
find not only easier synthesis conditions in air but also still better electrolyte compositions.
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